Human peripheral blood polymorphonuclear leukocytes, when exposed to appropriate stimuli, generate significant amounts of superoxide anion (O-.2), a highly reactive molecule which is possibly involved in bacterial killing. Since the subcellular localization and mechanism of activation of O-.2 generating systems are unknown, we have investigated superoxide dismutase-inhibitable cytochrome c reduction (attributable to O-.2) by, and lysosomal enzyme release from, normal polymorphonuclear leukocytes and cells rendered incapable of ingesting particles by treatment with cytochalasin B. Neither phagocytosis nor lysosomal degranulation were prerequisites for enhanced O-.2 generation. Cytochalasin Btreated cells exposed to (a) serum-treated zymosan, a C3b receptor stimulus; (b) heat aggregated human IgG, an Fc receptor stimulus; and (c) the complement component, C5a, generated enhanced amounts of O-.2 in a time and concentration-dependent fashion. These cells also responded by releasing lysosomal enzymes, but there was no correlation between the ability of any immune reactant to provoke enzyme release and its ability to stimulate O-.2 generation. The three stimuli also enhanced O-.2 generation by normal (untreated) polymorphonuclear leukocytes, but only serum-treated zymosan and aggregated IgG were capable of provoking lysosomal enzyme release from normal cells. 
INTRODUCTION
Human peripheral blood polymorphonuclear leukocytes (PMN)' generate superoxide anion (O2) when exposed to appropriate phagocytosable and nonphagocytosable stimuli (1) (2) (3) (4) (5) (6) . Coincident with the ingestion of polystyrene latex particles, for example, the amount of°2 generated accounts for a substantial proportion of the oxygen consumed by PMN (5) . This highly reactive molecule may be involved in bacterial killing (6) (7) (8) either directly or via metabolic intermediates such as singlet oxygen (9) , hydroxyl radicals (10), or hydrogen peroxide (11) . The nature of the O2 generating system, its subcellular localization in PMN, and the mechanisms whereby its activity may be enhanced, however, are unknown. An attractive hypothesis is that the O2 generating system is associated with the external surface 1 Abbreviations used in this paper: agg IgG, heat-aggregated human IgG; oa, superoxide anion; PMA, phorbol myristate acetate; PMN, polymorphonuclear leukocytes; STZ, serumtreated zymosan.
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We have investigated this possibility by measuring superoxide dismutase-inhibitable cytochrome c reduction (attributable to°2 generation) by, and release of granule associated (lysosomal) enzymes from, normal PMN and cells rendered incapable of ingesting particles by treatment with cytochalasin B (12, 13) . As stimuli, we have selected serum-treated zymosan, heat aggregated human IgG, and the low molecular weight, soluble complement component C5a. Serum-treated zymosan can bind to human PMN via "specific" receptors for the opsonic fragment of the third component of complement which coats these particles (14, 15) . The reactive site on aggregated IgG appears to reside on the Fc region which can engage and perturb lipid membranes (16) . Aggregated IgG may also react with more specific receptors on the cell surface (17, 18) . C5a, as we have previously demonstrated, interacts with PMN to stimulate their metabolism (19) . All three immune reactants are capable of provoking the release of granule-associated enzymes from these cells (20) (21) (22) (23) (24) . We have found that neither phagocytosis nor lysosomal degranulation were prerequisites for enhanced O2 generation by PMN.
METHODS
Preparation of leukocyte suspension. Leukocyte suspensions containing approximately 85% PMN were prepared from heparinized venous blood (10 U/ml) obtained from healthy adult donors by employing standard techniques of dextran sedimentation and hypotonic lysis of erythrocytes (20) . In some experiments purified preparations of PM N were obtained by means of Hypaque/Ficoll gradients (25) , allowing studies of cell suspensions containing 98± 1 % PM N without contaminating platelets or erythrocytes. The cells were suspended in a buffer consisting of 138 mM NaCI, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 0.6 mM CaCl2, and 1.0 mM MgCl2, pH 7.4. This buffer was used throughout unless otherwise indicated. The osmolality of the buffer was within 5% of 300 mosmol by freezing point depression technique. Aliquots of the cell suspensions were dispensed into 10 X 75-mm polypropylene tubes (Falcon Plastics, Division of BioQuest, Oxnard, Calif.) before the addition of appropriate compounds and stimuli. Some cells were preincubated with cytochalasin B (5.0 ug/ml) (ICI Research Laboratories, Alderley Park, Cheshire, England) in 0.1% dimethyl sulfoxide (Matheson, Coleman, and Bell, East Rutherford, N. J.) at 37°C for 10 min before addition of appropriate compounds and stimuli. This concentration of dimethyl sulfoxide did not influence cytochrome c reduction, enzyme release, or enzyme assays (see below).
Immune reactants. Zymosan (Nutritional Biochemicals Corp., Cleveland, Ohio) was boiled and washed with 140 mM NaCl and then incubated with fresh human serum at a concentration of 10 mg/ml for 30 min at 37°C. After centrifugation and washing twice, this preparation of serum-treated zymosan (STZ) was suspended in buffer at a concentration of 5.0 mg/ml. Washed, but otherwise untreated zymosan, at an identical concentration in buffer, was used in some experiments. STZ in buffer (but not untreated zymosan) was readily agglutinated by rabbit antibody to human C3 (Behring Diagnostics, Somerville, N. J.) confirming that fragments of C3 were indeed bound to the zymosan particles (15) .
C5a was generated in fresh human serum containing 250 mM epsilon aminocaproic acid (Sigma Chemical Co., St. Louis, Mo.) by adding zymosan (1.0 mg/ml) (21, 26) . After 15 min of incubation at 370C, the zymosan-serum suspension was centrifuged at 3,000 X g for 10 min. The particle-free supernate (2.0 ml) was then chromatographed in a 2.6 X 90-cm column of Sephadex G-75 (Pharmacia Fine Chemicals Inc., Piscataway, N. J.) employing phosphate (10 mM)-buffered 140 mM NaCl, pH 7.4, containing 50 mM epsilon aminocaproic acid as the eluant. Filtration was performed at 4VC at a rate of 15 ml per h, and fractions of 5.0 ml were collected. These fractions were assayed for C5-derived lysosomal enzyme-releasing activity, as previously described (21) , and those with peak activity were employed in the experiments described below. Appropriate volumes of eluant buffer were used as controls. The bulk of evidence regarding the identity of the lysosomal enzyme-releasing activity obtained by these methods indicates that it is a low molecular weight (approximately 17,000 daltons) product of C5, probably C5a (21 Fig. 3 and 4 . The kinetics of lysozyme release were similar to that of beta glucuronidase in these experiments, but in no instance was there enhanced release of the cytoplasmic enzyme, lactate dehydrogenase ( FIGURE 3 Release of beta glucuronidase from human PM N vs. concentration of immune reactants. Normal ( 0 * ) or cytochalasin B-treated (0 ---0) PM N were exposed to (A) STZ; (B) C5a; or (C) agg IgG at concentrations indicated for 15 min. Beta glucuronidase activity in cell-free supernates is expressed as the percent of total activity released by 0.2% Triton X-100 in simultaneously run duplicate reaction mixtures (see Table II stimulus did enhance O2 generation under the same experimental conditions (Table I and Fig. 1 ). The presence of superoxide dismutase (10 Ag/ml) in the reaction mixtures did not influence release of either beta glucuronidase or lysozyme. The lack of correlation (r = 0.04) between the ability of the various immune reactants to provoke beta glucuronidase release and their ability to enhance O2 generation is demonstrated in Fig. 5A . In Fig. 5B is shown the correlation (r = 0.97) between release of beta glucuronidase and release of lysozyme under the same experimental conditions. Lysosomal enzyme release was maximally stimulated when cytochalasin B-treated cells were exposed to either C5a or agg IgG; however, under identical conditions 02 production by these cells was stimulated only to a modest degree.
Not only did the extent of enzyme release and of enhanced O2 generation differ in response to the various immune reactants, but the kinetics of these phenomena were also quite dissimilar (see Fig. 2 and 4 ). Cells exposed to untreated zymosan or to "native" IgG were neither stimulated to release enzymes nor to enhance the production of 02 (Tables I and II) . To determine what influence released lysosomal constituents had upon cytochrome c reduction, cell-free PERCENT LYSOZYME RELEASED FIGURE 5 Relation between superoxide generation by, and granule-associated enzyme release from, normal and cytochalasin B-treated PMN exposed to STZ (500 ,g/ml), C5a (8.0 ,ug protein/ml) and agg IgG (300 ,ug/ml) for 15 Table II ).
Immune Reactants Provoke Leukocyte Superoxide Production Response to PMA. PMA has previously been demonstrated to be a potent nonimmune stimulus for PMN enzyme release and metabolism (34, 35) . The results of experiments presented in Fig. 6 blood PMN and is enhanced when these cells are exposed either to polystyrene latex particles or to bacteria (1) (2) (3) (4) (5) (6) . We have confirmed that this phenomenon also occurs when human PMN are exposed to STZ particles and agg IgG. Both particles are avidly ingested by the cells (22) (23) (24) .°2 generation was dependent upon the duration of incubation (maximal during the first 15 min) and the concentration of immune reactants (particle to cell ratio). Measurements of extracellular°2, as performed in this and in previous studies, presumably reflect not only the production of°2 but also the activity of endogenous superoxide dismutase and, possibly, the rate of release of°2 from the cytoplasm of cells to extracellular fluid. The demonstration that human PMN contain superoxide dismutase in their cytosol (4, 6, 36) satisfied the requirement for a protective mechanism against the potential injurious effects of°2 and led to the proposition that 02 production takes place on the outer surface of the cell membrane as well as in phagocytic vacuoles which are formed by invaginations of this membrane (4) . This is in accord with previous suggestions that particle-cell contact per se, and perhaps consequent structural alterations of the surface membrane of PMN, are responsible for the regulation of the metabolic behavior of these cells (37) (38) (39) (40) .
To ascertain whether°2 generation occurs independently of phagocytosis, we have employed the fungal metabolite, cytochalasin B, to render PMN incapable of ingesting particles. Cytochalasin B reversibly inhibits phagocytosis (12, 13) , cell movement (41) , and glucose transport by PMN (42), but apparently has little influence upon other cell membrane functions such as potassium and amino acid transport (43), particle binding, and dye exclusion (23, 33) . Cytochalasin B-treated PMN generated enhanced amounts of°2 when exposed to STZ and agg IgG. In fact, the rate of production of°2 and the amount produced by these cells exceeded that observed when normal PMN were exposed to these same immune reactants. One explanation for this finding is that the bulk of°2 production occurs on the cell surface and that cytochalasin B, by inhibiting phagocytic vacuole formation, prevented access of generated°2 to cytoplasmic superoxide dismutase, a phenomenon which would occur by necessity if°2 were generated only within phagocytic vacuoles (or the cytosol) and its appearance extracellularly depended upon diffusion across the vacuolar membrane, cytosol, and the surface membrane. Cyto Stimulation of leukocyte°2 production by soluble stimuli has previously been reported. The surface-active agent, digitonin, stimulated°2 production by monocytic cells (46) ; and a factor generated by incubating serum with bacteria had similar activity with PMN (2). The identity of the latter factor is unknown, but the results reported here suggest that it may be similar to, or identical with, C5a. Other soluble cell-surface stimuli such as antineutrophil antibodies (37) (52) . H202 has been shown to have a similar effect (53) and is a potential product of°2 after spontaneous dismutation or reaction with superoxide dismutase Immune Reactants Provoke Leukocyte Superoxide Production (4, 6, 36) . Indeed, O2 may be generated from intact PMN by means of the recently described NADH oxidase system which is localized to the external surface of the plasma membrane and which apparently can be activated upon exposure of cells to phagocytosable particles (54, 55) . Whereas our findings do not conclusively prove that a PMN ectoenzyme is capable of generating O2 in response to surface stimuli, they do provide evidence which supports this possibility: (a) O2 is generated by intact cells in response to surface stimulation; (b) O2 recovery is enhanced if phagocytic vacuole formation is inhibited by cytochalasin B; and (c) O2 does not appear to be released as a consequence of degranulation or cell disruption. In a recent study employing disrupted PMN, O2 generating activity was found to be associated with a membrane fraction (6) . Surface generation of O2 (and H202) would allow for its concentration within phagocytic vacuoles and provides a convenient explanation for the extracellular recovery of this highly reactive molecule without having to account for its ability to diffuse from cells, containing su peroxide dismutase (and catalase), without producing lethal membrane damage. Furthermore, via conversion to freely diffusable H202, extracellular or intraphagosomal O°can mediate biochemical events which ordinarily accompany particle contact, phagocytosis, and bacterial killing.
